Introduction
[2] In the Brewer-Dobson circulation model, tropical air ascends through the tropical tropopause layer, travels poleward across the stratosphere and mesosphere, then descends at the poles. When a strong polar vortex is present, it can act as a barrier isolating air within it and as a result, vortex air may experience unmixed diabatic cooling and descend. A strong vortex can be identified by a steep gradient in potential vorticity (PV) coincident with the polar-night jet. When the vortex is weak, so is the barrier to transport, and mixing dilutes evidence of descent based on atmospheric tracer species.
[3] The Arctic vortex is generally warmer, more variable, and more difficult to predict than the Antarctic vortex. Improving our understanding of transport in the Arctic stratosphere is important for understanding Arctic ozone loss. Meteorological analyses indicate that the 2003 -2004 Arctic winter was remarkable in the $50-year record . Overall, stratospheric temperatures were higher than normal and a sudden stratospheric warming starting in late December caused disruptions in the middle and lower stratosphere lasting for weeks to months. However, after a brief disruption in late December/early January, the upper stratospheric vortex redeveloped and was the strongest and coldest on record since February and March 1979 .
[4] In this paper, we present ACE-FTS solar occultation measurements, which we classify as vortex, vortex edge, midlatitude, subtropical or tropical, using PV data and [CH 4 [CH 4 ] from the midtroposphere to the mesopause, inside and outside the Arctic polar vortex and use these to estimate descent rates in the vortex.
ACE-FTS Retrievals
[5] The ACE-FTS is the primary instrument on the Atmospheric Chemistry Experiment (ACE) satellite, also known as SCISAT-1. It is a high resolution Fourier transform spectrometer operating in the 750 -4400 cm À1 range that measures solar occultation spectra at a series of tangent heights, which are inverted to give profiles of temperature, pressure and molecular VMRs with a vertical resolution of 3 -4 km 
Occultation Classifications
[7] PV maps such as those shown in Figure 1 , can be used to check for the presence or location of the polar vortex. We used PV maps based on data from the UK Met Office (MetO), depicting conditions in the upper stratosphere corresponding to an isentropic surface with a potential temperature (q) of 1700 K ($50 km), the middle stratosphere at q = 840 K ($30 km) and the lower stratosphere at q = 465 K ($20 km) at 12:00 UT each day. February and March 2004 PV maps indicated that the northern hemisphere (NH) vortex was strong in the upper stratosphere, highly variable in the middle stratosphere and undefined in the lower stratosphere, so 30-50 km was chosen for determining the location of an occultation with respect to the vortex.
[8] To group profiles resulting from measurements of similar air masses, we developed a system for classifying our occultations that began with determining the location of the vortex edge. For each occultation, q, PV, and equivalent latitude (EqL, the latitude that would enclose the same area between it and the pole as a given PV contour) were calculated from MetO data, on a 1-km grid from 0.5 to 65.5 km altitude to facilitate use with the ACE-FTS data. The vortex edge was found using a criterion very similar to that described by Nash et al. [1996] based on location of maximum PV gradient as a function of EqL, constrained by approximate co-location of maximum wind speed. Since the vortex edge has a finite width, the distance in degrees EqL from the center of the vortex edge was determined for each tangent point with positive values inside the vortex, negative values outside and null values when no vortex is present. This resulted in an array of EqL-distances which could include positives, negatives and nulls for a single occultation. As with any vortex edge criterion, the best results are obtained when there is a single, strong, unambiguous vortex.
[9] A second set of criteria was established to check the EqL-distance of each tangent point from 30 -50 km, to see if it was inside the vortex, outside the vortex or null. If the proportion of tangent points inside minus the proportion outside was greater than 0.5, the occultation was considered inside the vortex and if less than À0.5, it was considered outside. If the difference was greater than or equal to À0.5 and less than or equal to 0.5 and the vortex was present for a significant portion of this range, an occultation was considered on the edge of the vortex. With these criteria we classified all occultations as vortex, extravortex or vortex edge.
[ [Michelsen et al., 1998a] . When horizontal mixing is rapid, correlations of these species should be compact, varying only with altitude. Correlations from dynamically isolated air masses may exhibit slight differences that can be used to classify them as tropical, midlatitude or vortex [Michelsen et al., 1998a [Michelsen et al., , 1998b . Figure 2 loosely correspond to the color scheme on the PV maps. The correspondence is not exact because the vortex edge is defined by a strong PV gradient, rather than a single PV value.
[11] Our classifications are consistent with the upper and middle stratosphere PV maps, as expected, since both utilized the same MetO PV data. However, the accuracy of our classifications is limited by the introduction of derived meteorological products (q, PV, EqL) from a data assimilation rather than a system based entirely on our own measurements and our use of a single reference location for each occultation. Each occultation is really a series of nearvertical measurements incurring a slight change in latitude, longitude, and time, but this generally has a minor effect on our classifications.
Vortex Measurements and Analysis
[12] In February and March 2004, the upper stratospheric Arctic vortex was the strongest since regular observations began in 1979 . Figure 1 shows PV maps for 16 March, several days prior to break up, when the center of the vortex was located far off the pole. Figure 3 shows [CH 4 ] which fluctuate with the extent of methane oxidation [Nassar et al., 2005] . The eight profiles in Figure 3 were measured on 16 March between 3:48 -20:07 UT, 71.5 -72.3°N and a range of longitudes, represented by the white spots in Figure 1 . The lower four spots (longitudes 64°E, 40°E, 33°W, 58°W) have been classified as in the vortex and the upper four (longitudes 150°W, 174°W, 161°E, 137°E) as midlatitude, although they are very close to the dispersed vortex edge. We see clear differences between profiles from inside and outside the vortex even though all were measured within 1°of latitude and a time span of less than 17 hours.
[13] Abrams et al. [1996a Abrams et al. [ , 1996b examined differences in ATMOS profiles of [CH 4 ], [N 2 O], and [HF] at midlatitudes and high latitudes both inside and outside the polar vortices. Although they found very little difference between midlatitude and high latitude profiles from outside the vortex, large differences were found between vortex and extravortex profiles. They determined descent rates in the Arctic and Antarctic vortices by dividing the distance separating the profiles by the age of the vortex. The age of the vortex is difficult to define since formation is a gradual process, however, using PV maps we estimate the formation date of the upper stratospheric slightly dampened by averaging relative to the 16 March profiles (Figure 3) , they are consistent with the results above. All four averaged profile comparisons in Figure 4 also indicate that below $30 km in altitude, the vortex had a negligible influence. Similarly, the [H 2 O] and PW profiles show differences as high as $77 km, indicating that the vortex may still reduce horizontal mixing at these altitudes. The [H 2 O] and PW profiles in Figures 3 and 4 provide good evidence of mesospheric descent; however, the high variability indicated by the error bars in Figure 4 and 
Discussion and Conclusions
[15] We attribute the differences in vortex and extravortex profiles to dissociation of H 2 O, CH 4 , and N 2 O in the upper stratosphere and mesosphere followed by unmixed descent in the vortex. We attribute the inversions in the [H 2 O] and PW profiles near 50 km altitude, which were very pronounced on 16 March but dampened on the average profiles, to the vortex shifting non-uniformly with altitude in the days prior to the final spring break-up.
[16] We have determined an average Arctic vortex descent rate of 3.2 km/month for the upper stratosphere based on N 2 O, CH 4 , and H 2 O and 5.3 km/month for the lower mesosphere based on H 2 O and PW. We also calculated an upper stratospheric descent rate of 4.5 km/month based on CH 4 and H 2 O, for February and March 2004 when the vortex was strongest. In spite of the temporary disruption to the upper stratospheric vortex, the average stratospheric descent rate is still close to the maximum value observed for the November 1994 Antarctic vortex (3.6 km/month) [Abrams et al., 1996a] and much higher than the maximum for the April 1993 Arctic vortex (2.4 km/month) [Abrams et al., 1996b] . It is also higher than descent rates quoted by Greenblatt et al. [2002a Greenblatt et al. [ , 2002b which include 11 other studies, although these are all for the middle to lower stratosphere where lower descent rates are expected. Our February-March descent rate is significantly higher than all of these previously measured descent rates. However, Manney et al. [1994] modeled descent at a range of altitudes for both hemispheres and obtained a value of 0.3 cm/s equivalent to 7.8 km/month for the 1992 -1993 Arctic upper stratospheric vortex at a starting altitude of 47 km. Rosenfield et al. [1994] also modeled descent in both hemispheres at a range of altitudes and calculated 27 km of descent for air originating at 50 km. They used 1 November to 21 March as the period of descent, but assuming our descent period yields a rate of 5.4 km/month for the upper stratosphere. Fisher and O'Neil [1993] determined a range of Antarctic vortex descent rates from 3 km/month in the middle stratosphere to 12 km/month in the mesosphere. To our knowledge, the only prior measurements of mesospheric descent were made by Aellig et al. [1996] using the Millimeter wave Atmospheric Sounder (MAS) to observe the spring 1992 Arctic vortex, but no estimate of a descent rate was given.
[17] The methods for estimating descent rates presented here are admittedly somewhat crude, yet still give a useful estimate of a difficult-to-measure phenomenon. In the 2003-2004 winter, unmixed descent is a poor assumption since the upper stratospheric vortex completely broke up in late December and recovered in early January . While this assumption should not effect our February -March descent rate of 4.5 km/month for the upper stratosphere, the upper stratospheric 2003 -2004 winter average descent rate of 3.2 km/month and lower mesospheric average descent rate of 5.3 km/month represent minimum possible values. With limited measurements and no reliable meteorological data for the mesosphere, a more accurate estimate is difficult.
[18] We have shown that PV data and tracer species such as N 2 O and CH 4 may be used to classify the type of air mass being measured. We have also demonstrated the strength of the stratospheric vortex as a barrier to horizontal transport by the contrast between profiles of [N 2 O], [CH 4 ], and [H 2 O] at similar latitudes inside and outside the vortex, as well as the effective containment of air up into the mesosphere. This work indicates that descent in the winter 2004 Arctic vortex was relatively rapid and that evidence of unmixed descent extended to higher altitudes than observed in past years, likely due to a stronger and more persistent than usual upper stratospheric vortex in late winter.
